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Summary
The protein TRAP (trp RNA binding attenuation
protein) forms a highly thermostable ring-shaped
11-mer. By linking in tandem two, three, or four DNA
sequences encoding TRAP monomers, we have engi-
neered new rings that consist of 12 TRAP subunits
and bind 12 ligand molecules. The hydrogen bonding
pattern and buried surface area within and between
subunits are essentially identical between the 11-mer
and 12-mer crystal structures. Why do the artificial
proteins choose to make single 12-mer rings? The
12-mer rings are highly sterically strained by their pep-
tide linkers and far from thermostable. That proteins
choose to adopt a strained conformation of few sub-
units rather than an unstrained one with 11 subunits
demonstrates the importance of entropic factors in
controlling protein-protein interactions in general.
Introduction
TRAP (trp RNA binding attenuation protein) is a ring-
shaped 11-mer, found in various species of Bacillus,
which regulates the expression of tryptophan synthetic
enzymes encoded by the trp operon (Babitzke, 2004;
Gollnick, 1994). In the presence of tryptophan, TRAP
binds to the trp leader mRNA, showing a preference
for multiple NAG repeats separated by two nucleotides,
with 11 repeats being the optimal number. Once bound,
it causes tryptophan-dependent transcription termina-
tion, blocking the expression of the trp genes through
formation of a terminator hairpin. TRAP can also regu-
late the translation of trpE, the first gene in the trp op-
eron, via promotion of a hairpin in the trpES-D sequence
that prevents ribosome binding (Babitzke, 2004; Du and
*Correspondence: jgh4@tsurumi.yokohama-cu.ac.jp (J.G.H.);
jtame@tsurumi.yokohama-cu.ac.jp (J.R.H.T.)Babitzke, 1998; Kuroda et al., 1988; Merino et al., 1995).
In addition, the protein can block ribosome access to
a number of other genes known to be important in regu-
lation of tryptophan synthesis (Babitzke et al., 1994; Du
et al., 1997; Sarsero et al., 2000; Yang et al., 1995). Since
TRAP only binds its cognate RNA when in the trypto-
phan bound form, it is able to regulate the expression
of the trp genes according to the cellular concentration
of tryptophan.
The crystal structures of tryptophan bound TRAP
from both B. subtilis and B. stearothermophilus have
previously been refined to 1.8 A˚ and 2.5 A˚ resolution, re-
spectively (Antson et al., 1995; Chen et al., 1999). They
are highly similar thermostable toroids 86 A˚ in diameter
surrounding a central cavity 27 A˚ across (Antson et al.,
1999; Chen et al., 1999) and having a molecular weight
of approximately 92 kDa. The individual subunits consist
largely of two b sheets lying face-to-face and form
sheet-like interactions across the subunit interfaces.
The indole group of a tryptophan ligand fits between ad-
jacent b sheets of the protein, in a hydrophobic pocket
with the amine and carboxyl groups pointing to an adja-
cent protein subunit (Antson et al., 1995). The ligand
binding sites are therefore related by the same 11-fold
symmetry as the protein. Single-stranded RNA binds
around the outside of the ring (Antson et al., 1999; Bau-
mann et al., 1997; Chen et al., 1999). The function of
TRAP is partly regulated by the protein anti-TRAP (Val-
buzzi and Yanofsky, 2001), a 5.6 kDa monomer that
forms a 12-mer in solution (Antson et al., 1999; Snyder
et al., 2004). It binds to the tryptophan bound form of
TRAP and inhibits it from binding to RNA (Valbuzzi
et al., 2002; Valbuzzi and Yanofsky, 2001).
Even with the X-ray structures of TRAP published by
Gollnick and colleagues (Antson et al., 1994, 1995,
1999; Chen et al., 1999), a number of features of the pro-
tein remain unexplained. It is not clear for example why
the protein chooses to form 11-mer rings, or why there is
a symmetry mismatch with anti-TRAP. Inserting an extra
subunit into the 11-mer ring does not a priori appear to
be disallowed by steric strain. Mass spectroscopic
studies have in fact suggested that 12-mer TRAP ap-
pears in solution at low levels, but is unable to bind 12
tryptophan molecules (McCammon et al., 2004). More
recent work by the same group shows no evidence of
forms other than the 11-mer (Ruotolo et al., 2005). In or-
der to test its properties, we have engineered 12-mer
TRAP by exploiting the fact that 11 is a prime number.
Mutant TRAP proteins were produced with two, three,
or four TRAP subunits linked in tandem by alanine-rich
sequences and are called TRAP2, TRAP3, and TRAP4,
respectively. The crystal structures show these proteins
form 12-mer rings with no steric strain or unfavorable
contacts at the subunit interfaces, which are almost
identical to those of the wild-type 11-mer ring. The ques-
tion then arises why wild-type TRAP does not form a 12-
mer, and why our artificial proteins do not form 11-mers.
Our results suggest that entropy strongly favors the self-
association of the covalently linked domains, so that
they can only form rings having n-fold symmetry, where
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926Figure 1. Transmission Electron Micrograph
Images of TRAP3 Deposited on a Carbon-
Coated Copper Mesh
A large number of ring-like structures can be
seen in (A). The region inside the red square is
shown enlarged 4-fold in (B), showing a single
TRAP ring (highlighted by the black square)
measuring approximately 9.1 nm in diameter.
The yellow line represents 100 nm in the main
image and 25 nm in the inset. TEM of TRAP4
gave similar results (data not shown).n is a multiple of the number of tandemly linked domains
per polypeptide chain.
Results
Structure in Solution
We constructed TRAP2, TRAP3, and TRAP4 by fusing
together copies of the wild-type B. stearothermophilus
TRAP gene and expressed them in E. coli to give soluble
polypeptides equivalent to 2, 3, or 4 copies of the wild-
type monomer. These proteins were purified in the
tryptophan bound form. Sedimentation velocity mea-
surements of each protein in the presence of tryptophan
indicate a single species in solution (data not shown).
The molecular weights of the expressed polypeptides
were confirmed using SDS-PAGE and mass spectrome-
try. For TRAP3 and TRAP4, transmission electron mi-
croscopy showed that the proteins formed ring struc-
tures indistinguishable from the wild-type protein, with
diameters between 50 and 100 A˚ (Figure 1). More exact
measurements were made difficult by the resolution
limits of the electron microscope. In wild-type TRAP
and TRAP3, the center of the TRAP rings was visible
as a dark spot of density consistent with the cavity being
filled with stain, but in the case of TRAP4, this dark area
was generally not visible.
Crystal Structures
TRAP3 and TRAP4 were crystallized, giving isomor-
phous crystals in space group P4212. The crystal pack-
ing of the artificial TRAP rings differs from all previous
TRAP crystal structures. The B. subtilis protein forms
a 22-mer with two rings lying in a face-to-face fashion
(Antson et al., 1995), while the B. stearothermophilus
protein is present as a single 11-mer ring in the asym-
metric unit. Both TRAP3 and TRAP4 have only three
TRAP monomer equivalents in the asymmetric unit,
forming a 90º arc facing the crystallographic 4-fold
axis, which builds up 12-mer rings. The rings therefore
stack to form continuous tubes running throughout the
crystal. Since the TRAP3 ring is built from four subunits,
there is no symmetry requirement for rotational disor-
der, but in the case of TRAP4 the ring is built from three
polypeptide chains. This implies that the breaks be-tween the polypeptides are placed at random between
the domains visible in the electron density. The linker
peptides connecting each monomer are not visible in ei-
ther electron density map.
The X-ray models of TRAP3 and TRAP4 show almost
identical tertiary structure to the wild-type TRAP mono-
mer (Figures 2–4), and the rings formed by TRAP3 and
TRAP4 are identical to the wild-type in height, 32 A˚, mea-
sured from Lys40 Ca to Asp29 Ca. The central hole is
about 31 A˚ in diameter (between opposing Ser7 Cas)
compared to 27 A˚ for the 11-mer. The size difference
can clearly be seen when the mutant structures are over-
laid on the wild-type structure (Figure 3). Strain may
arise within the 12-mer rings over longer distances
than typical hydrogen bond lengths, but is not apparent
by standard tests of protein geometry used to validate
models nor by any other means of scrutiny known to
us, including programs within the CCP4 suite and visual
inspection.
The individual subunits of TRAP consist largely of two
b sheets lying face-to-face and form sheet-like interac-
tions across the subunit interfaces. The tryptophan li-
gand fits in a hydrophobic pocket between adjacent do-
mains and forms hydrogen bonds to the protein through
both its main chain and side chain (Antson et al., 1995).
Tryptophan binds to TRAP3 and TRAP4 in exactly the
same way as to the wild-type protein, except that these
rings have 12 identical binding sites, in contrast to the
mass spectroscopy results (McCammon et al., 2004).
The electron density map covering a bound tryptophan
is shown in Figure 5. The surface area buried between
protein domains, taking into account the tryptophan li-
gand, is 2100–2200 A˚2, the differences between native
and mutant structures being within the expected error
in the calculation. The contact surfaces between adja-
cent monomers in wild-type TRAP and TRAP3 are
shown in Figure 6.
Contacts between monomers in wild-type and mutant
TRAP proteins were examined with DISTANG and
CONTACT, part of the CCP4 package (CCP4, 1994). Be-
tween residues 8 and 67 of the B. subtilis protein, there
are 9 hydrogen bonds shorter than 3 A˚, 4 of which are
between the protein and the tryptophan ligand. TRAP3
and TRAP4 share all of these hydrogen bonds. While
TRAP 12-Mer
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TRAP4 Rings Compared to Wild-Type TRAP
Structures are shown as molecular surface
representations with each subunit or subunit
equivalent uniquely colored. (A) TRAP3, (B)
TRAP4, and (C) Wild-type B. stearothermo-
philus TRAP. The rings are shown both along
the rotation of molecular axis and perpendic-
ular to it.there is slight variation in hydrogen bond length, the
pattern of hydrogen bonding is essentially identical be-
tween the wild-type and the mutant TRAPs (Table 1),
suggesting that polar interactions between monomers
are not weakened in the mutants. Comparing the hydro-
gen bond lengths between TRAP3 and TRAP4 proteins
shows that they were more similar to each other than
to the wild-type protein, probably reflecting the isomor-
phism of the crystals and the identical data handling
and refinement procedure. The relative positions of the
residues principally responsible for the hydrophobic
interactions across the monomer interface are also un-
changed (Figure 4). The similarity between the wild-
type and mutant structures is shown by least-squares
fitting the main chain atoms, giving a rms deviation of
0.23–0.25 A˚ between monomers of B. stearothermophi-
lus TRAP and TRAP3.
Differential Scanning Calorimetry
Unfolding tryptophan-free B. stearothermophilus TRAP
in the differential scanning calorimeter (DSC) showsa peak of heat capacity at around 84ºC, a smaller peak
at 96ºC, and a final rise in heat capacity up to 129ºC,
the limit of the instrument. This last rise is found for
both apo and ligand bound TRAP, and probably repre-
sents unfolding of the monomer. In the presence of tryp-
tophan there is a large peak near 95ºC with a shoulder to
the low-temperature side (Figure 7). This peak can be fit-
ted to two independent processes. Since tryptophan
binding is dependent on the ring structure, these pro-
cesses presumably correspond to the loss of trypto-
phan at lower temperature and break up of the ring
into constituent monomers as temperature increases.
Fitting of the data to a non-two-state model allows the
enthalpy change for each transition to be both measured
directly (DH1 and DH2) and calculated from the van’t
Hoff equation (DHV1 and DHV2). The enthalpy change
of the lower temperature process, DH1, was found
to be 2.2 3 104 Jmol21 and the van’t Hoff heat, DHV1,
2.13 105 Jmol21. For the second peak, the best-fit values
of DH2 and DHV2 were 2.7 3 10
4 Jmol21 and 1.0 3 105
Jmol21. The factor of 10 difference between DH1 and
Structure
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gests that each of the 11 subunits of wild-type TRAP
loses tryptophan independently at the same tempera-
ture and with the same enthalpy change. The ratio of
DH2 and DHv2 is approximately 4-fold, suggesting that
the break up of the TRAP ring into monomers is in
some way coupled, with roughly three monomers per
cooperative unit.
TRAP2 and TRAP3 show very different traces com-
pared to the wild-type protein, with the initial two peaks
seen for native TRAP replaced by a lower temperature,
broad peak. The final peak is also broadened and occurs
Figure 3. Superposition of TRAP3 and Wild-Type TRAP Ca Traces
One subunit from each ring was least-squares fitted over the main
chain atoms, and the resulting overlay is shown looking down the ro-
tation axis of the oligomers. The larger diameter of the mutant pro-
tein and smaller angle subtended at the center of the ring give signif-
icant deviations opposite the fitted subunits. TRAP3, blue; wild-type
TRAP, yellow.at a lower temperature (90–120ºC) for both proteins.
Tryptophan binding and ring assembly appear to be
substantially weakened compared to wild-type TRAP.
Discussion
By fusing together TRAP coding sequences in tandem,
we have made new proteins that self-assemble to form
12-membered rather than 11-membered rings. TRAP3
and TRAP4 fold as shown in Figure 8A, with a peptide
linker connecting the N- and C-terminal equivalents of
individual monomers. The resulting TRAP subunits do
not show any significant deformation, and the extra sub-
unit is accommodated by increasing the circumference
of the ring. Despite the structural similarity of TRAP3
and TRAP4 to both wild-type TRAP and each other,
they displayed significantly different properties. In con-
trast to the wild-type TRAP ring, the solubility of TRAP3
and TRAP4 was found to be highly dependent on salt
concentration, with both proteins tending to precipitate
at concentrations of sodium chloride below approxi-
mately 100–200 mM. Differences were also observed
in the elution from anionic exchange resins, with
TRAP4 generally appearing to bind more tightly.
The most marked difference was shown by the ther-
mal stability of the engineered proteins. Tryptophan
bound wild-type TRAP is highly thermostable and un-
folds with sharply defined peaks in the DSC trace, indic-
ative of loss of tryptophan and breakup of the ring. The
tryptophan bound artificial proteins showed very broad
peaks of heat absorption while denaturing, unlike the
highly cooperative unfolding usually seen with native
protein structures. This suggests that, despite having
tryptophan bound and maintaining the hydrogen bond-
ing pattern, hydrophobic core, and steric packing of the
wild-type TRAP, the mutants are nevertheless strongly
destabilized. Attempts were made to remove trypto-
phan by unfolding the protein in guanidine hydrochlo-
ride (a procedure successfully used with wild-type
TRAP), but refolding the mutants proved impossible.
Since TRAP itself contains no tryptophan residues, weFigure 4. Stereoview of Two Neighboring Subunits in TRAP3 and Wild-Type TRAP
The Ca trace of each subunit is shown, with selected interface contact residues of both models shown in ball-and-stick representation. The sub-
unit on the left (both models in blue) has been least-squares fitted over the main chain atoms (248 in all) with a rmsd of 0.255 A˚. The neighboring
subunit on the right (both models in yellow) was not used in the fit, and small deviations can be seen between the 11-mer and 12-mer structures.
The side chain atoms of the interface residues overlap extremely closely, but small changes are visible in Val 43. The tryptophan ligands also
overlap extremely well. The only discernible difference in the Ca trace of the fitted (blue) subunit are at the C terminus, as more residues are vis-
ible in the electron density map of the wild-type protein (PDB 1QAW) than TRAP3.
TRAP 12-Mer
929Figure 5. Stereoview of the Tryptophan Bind-
ing Site in TRAP3
Carbon atoms are colored yellow, oxygens
red, and nitrogens blue. The 2mFo 2 DFc
electron density map is contoured at 1s.attempted to express TRAP3 and TRAP4 in a cell-free
system in which no tryptophan was present. This also
failed as the protein simply aggregated. Tryptophan
therefore appears to stabilize the structures of TRAP3
and TRAP4 very strongly. This was unexpected, since
the extra flexibility of the unliganded protein might allow
the subunits to relax a little within the 12-membered ring.
Protein crystals of wild-type TRAP grown in the absence
of tryptophan are disordered and diffract X-rays only to
very low resolution, implying that the protein is rather
more flexible in the absence of tryptophan, consistent
with NMR data (McElroy et al., 2002). Apparently the in-
dole ring of the ligand forms an indispensable part of the
hydrophobic core of the artificial 12-mers. Unfortunately
the linker peptides were not visible in the electron den-
sity maps, and we are unable at present to determine
the extent, presumably considerable, to which they di-
rectly destabilize the 12-mer rings.
From the structures of wild-type TRAP it is clear that
TRAP3 is free to coalesce into sterically unhindered
11-mer rings, forming a tube-like structure with three
aligned rings held one next to another by the flexible
peptide linkers (Figures 8B and 8C). Though for entropic
reasons probably less kinetically accessible, this form
appears (in thought experiment) at least as stable as
wild-type TRAP. Indeed, since each polypeptide chain
now buries three times the surface area that is buriedby a single TRAP monomer in the wild-type structure,
it might be imagined to be rather more stable. However,
TRAP3 instead forms 12-mer rings from four polypep-
tide chains. To do so the peptide linkers are tightly
stretched from top to bottom of the ring, and this strain
is reflected in the DSC data which show that the protein
unfolds at a lower temperature than wild-type TRAP. If
the internal energy were the sole arbiter in the decision
of which form to adopt, it would presumably favor the
imaginary aligned ring form, which has no steric strain
in the linkers. In other words, since the TRAP domains
of wild-type TRAP and TRAP3 are identical, it seems
reasonable that (ignoring for a moment the linkers) the
internal energy of 11-mer rings made from domains of
either should be similar, and that 12-mer rings built of
wild-type TRAP or TRAP3 subunits will also have similar
energy to each other. Then the internal energy will favor
one or the other ring type equally, whether for the wild-
type or artificial protein. Yet both proteins choose to
form a ring structure involving the minimum number of
separate polypeptide chains, 11 in the case of TRAP
and 4 in the case of TRAP3. The linkers themselves
must have lower energy (no strain) and higher entropy
(more flexibility) in the imaginary tube-like form of
TRAP3 than they do in the observed 12-mer ring. This
suggests that entropy plays a major role in selecting
the oligomerization state of the proteins. This argumentFigure 6. The Subunit Interfaces of TRAP in
the 11-Mer and 12-Mer Rings
(A) Wild-type B. stearothermophilus TRAP,
PDB 1QAW.
(B) TRAP3.
In both panels, two adjacent TRAP domains
have been separated to show the molecular
contact surface between them. The hydro-
phobic interface residues are shown in green,
residues appearing in Table 1 are shown in
cyan, and residues in both categories are
shown in light green. The tryptophan ligand
is shown as a CPK model with carbons col-
ored yellow. Surface residues not involved
in subunit contacts are colored by electro-
static potential, red for negative and blue for
positive.
Structure
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tween the subunit interfaces of the TRAP 11-mer and
12-mer rings, but merely on the assumption that the
energy of those interfaces is not greatly perturbed by
covalently attaching other protein domains. A similar as-
sumption underlies much of molecular biology, includ-
ing the yeast two-hybrid system or GST tagging proteins
for their purification.
The structures of TRAP3 and TRAP4 show that TRAP
can indeed form 12-mer rings with no unfavorable
clashes (steric or electrostatic), unsatisfied hydrogen
bonding potential, or unduly exposed apolar surface
area. At least one other ring-shaped protein, the UL6
portal protein from herpes simplex virus type 1, has
Table 1. Comparison of Subunit Interface Hydrogen Bonds in
TRAP3 and Wild-Type B. stearothermophilus TRAP
Bond Distance (A˚)
Atoms
TRAP3
a-b
TRAP3
b-c
TRAP3
c-a
Wild-Type
TRAP
R26NH2 Q47O31 2.73 2.75 2.70 2.54–3.15
I55N I45O 2.95 2.76 2.77 2.65–3.03
I55O I45N 2.85 2.82 2.77 2.68–3.01
H67N32 F9O 2.88 2.97 2.94 2.89, nb
K56Nz K37O 3.02 2.80 2.90 2.74, nb
R58N3 E42O32 3.01 2.81 2.82 2.79, nb
S53O Q47N 3.10 2.96 3.11 3.06, nb
K56Nz E36O32 2.60 2.54 2.59 2.47, nb
a-b, b-c, and c-a refer to the three TRAP subunit interfaces within the
asymmetric unit. Atoms are identified by single letter amino acid
code, residue number, and atom symbol. Results for TRAP4 are sim-
ilar to those for TRAP3. Equivalent distances are also indicated for
the wild-type protein (PDB 1QAW). For the wild-type, there are 11
subunits in the asymmetric unit. The longest and shortest distances
are given, except where the longest exceeds 3.4 A˚, which is indi-
cated by the letters ‘‘nb’’ for ‘‘no bond’’. Distances are quoted to
two decimal places, in accordance with the convention of quoting
one more digit than accuracy strictly allows. It can be seen that al-
most all the hydrogen bond distances found for TRAP3 lie within
the range observed for the wild-type protein.been shown to exist in a number of oligomeric states
in vitro (Trus et al., 2004), and the question therefore re-
mains why the 11-mer form is so strongly preferred by
Figure 8. A Schematic Diagram Showing Possible Oligomeric
Forms of TRAP3 Protein
Monomer equivalents are shown as blue blocks, and their N and C
termini equivalents are marked as N and C respectively. The peptide
linkers (Ala-Ala-Ala-Met) shown in red connect the C-terminal resi-
due of one monomer to the N-terminal residue of the next. In wild-
type TRAP, the N and C termini lie at opposite faces of the ring,
with the N-terminal residue pointing into the cavity and the C-terminal
residue lying on the outer surface of the ring. The distance between
the last visible N- and C-terminal residues in the wild-type structure
(Ser5 and Lys73 respectively) is 37.8 A˚. In TRAP3 and TRAP4, peptide
loops (not visible in the electron density) connect the monomer
equivalents as shown. (A) In the 12-mer ring form observed in the
crystal, the peptide linkers must cross from one face of the ring to
the other, as shown by the red lines. (B) An unstrained, imaginary
form of TRAP3 in which the peptide linkers lie parallel, so that their
folded domains (shown as blue blocks) can associate into three
TRAP 11-mer rings essentially identical to wild-type TRAP rings, giv-
ing the form shown in (C), the imaginary tube-like form of TRAP3.Figure 7. Thermostability of Wild-Type and
Mutant TRAPs Revealed by DSC
The top of the figure shows wild-type TRAP in
the presence of tryptophan (A and B), with (B)
showing a close up of the main peak from (A)
fitted with a non-two-state model (red line)
that highlights the two distinct peaks in this
region (green lines). (C) and (D) show similar
scans for TRAP2 and TRAP3, respectively,
and both show much broader peaks at signif-
icantly lower temperatures compared to wild-
type TRAP.
TRAP 12-Mer
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subunits cannot fit comfortably in a 10-mer ring, and
this form of the protein has never been observed by
mass spectrometry. Sedimentation velocity studies
suggest TRAP2 forms only a 12-mer in solution rather
than a mix of 10-mer and 12-mer (data not shown). The
structures of TRAP3 and TRAP4 show subunit contacts
almost identical to those of the native 11-mer. Strain
may arise within the 12-mer rings over longer distances
than typical bond lengths, but no steric hindrance, unfa-
vorable torsion angles, or unusual hydrogen bonds are
revealed in TRAP3 or TRAP4 by standard tests used to
validate protein models (Laskowski et al., 1993). Clearly
the entropic disadvantage of restricting more subunits
within the complex plays a role, and linking TRAP sub-
units in tandem essentially exploits entropy to lower
the free energy of rings with symmetry compatible with
the number of covalently attached subunits. The free en-
ergy cost of two proteins binding to form a single com-
plex has been debated for some years, with both very
high and low figures suggested (Janin, 1996). While
there is no universal consensus, relatively modest fig-
ures of about 5–13 kcal/mol are now favored (Holtzer,
1995; Karplus and Janin, 1999; Tamura and Privalov,
1997), which may be adequate to explain the absence
of 12-mer TRAP in recent mass spectroscopic studies
(Ruotolo et al., 2005). Even a 10 kcal/mol entropic cost
of dimerization suggests a very large entropy penalty
in forming an 11-mer in solution, 70 kcal/mol more
than the cost of forming a tetramer, and the 12-mer
form is therefore hugely stabilized relative to the 11-
mer by linking subunits. The strong preference of wild-
type TRAP for the 11-mer form over the 12-mer is not
due to geometry, and may be partly due to enthalpy,
but can be overcome in TRAP3 and TRAP4 by selec-
tively reducing the entropy cost of making a 12-mer
Table 2. Data Collection and Refinement Statistics
TRAP3 TRAP4
Data Collection
Space group P4212 P4212
Cell dimensions: a, b, c (A˚) a = b = 110.04,
c = 36.84
a = b = 109.79,
c = 36.87
Resolution (A˚) 50–2.0 50–1.8
Rmerge (overall/outer shell, %) 9.9/27.4 7.6/26.2
I / sI 8.8 13.0
Completeness
(overall/outer shell, %)
95.1/65.3 99.8/99.1
Redundancy 6.2 12.8
Refinement
Resolution (A˚) 2.00 1.8
No. reflections 14344 20398
Rwork / Rfree (%) 20.4/26.4 19.1/21.8
No. atoms
Protein 1510 1519
Ligand/ion 45 45
Water 39 65
B factors
Protein 19.5 18.3
Ligand/ion 23.2 25.8
Water 13.5 11.6
Rms deviations
Bond lengths (A˚) 0.015 0.014
Bond angles (º) 1.4 1.4ring. Simplistic energy calculations involving hydrogen
bond counting and surface areas are unable to distin-
guish the native subunit interface from the artificial
one since they are so similar. Although great stress is
laid on such methods, notably in structure-based drug
design, TRAP3 and TRAP4 give a clear demonstration
that the invisible hand of entropy is the ultimate arbiter
in the formation of biological complexes.
Unlike wild-type TRAP, TRAP3 and TRAP4 have sym-
metry suitable for forming crystalline two-dimensional
arrays. The artificial proteins also have a cavity, lined
by mutable residues, into which metallic or semicon-
ducting nanodots may be introduced. Further work is
underway to create arrays of 12-mer TRAP with interest-
ing electrical properties.
Experimental Procedures
Construction of a Multiple-TRAP Gene
The gene encoding Bacillus stearothermophilus TRAP was se-
quence optimized for expression in E. coli and cloned into pET28b
(Novagen) at the NdeI and BamHI restriction enzyme sites by Gen-
script Corporation (NJ). In order to insert a second copy of the
TRAP gene, two copies of the plasmid carrying the TRAP gene
were modified in different ways. In one copy (plasmid A) the N-termi-
nal NdeI site was removed by mutagenesis (QuikChange), the stop
codon was replaced with GCC (encoding alanine), and the C-termi-
nal BamHI site was replaced with an NdeI site. In the second copy of
the plasmid (plasmid B) the N-terminal NdeI site and the stop codon
were left intact while the C-terminal BamHI site was again replaced
with NdeI.
Plasmids A and B were both digested with NdeI. In the case of
plasmid B, the resulting TRAP gene was removed from the parent
plasmid by gel purification (Qiagen) and was added to the linearized
plasmid A. Ligation of the TRAP gene from plasmid B into plasmid A
was typically carried out using approximately 100 ng of linear plas-
mid, an excess of insert gene, and 175 units of T4 DNA ligase (Ta-
kara) in a total volume of 20 ml and incubated for 12 hr at 16ºC. The
resulting construct contained two copies of the TRAP gene con-
nected by the DNA sequence CATATG, the NdeI site encoding
amino acids histidine and methionine. This sequence was replaced
with the sequence GCCGCCATG, the final sequence connecting the
two copies of the gene being GCCGCCGCCATG, encoding Ala-Ala-
Ala-Met. Extending the gene with further copies of TRAP was carried
out similarly with additional mutagenesis and sequencing reactions
to remove unwanted NdeI restriction sites.
Expression and Purification
The gene product consisting of three copies of the TRAP monomer
(TRAP3) and the product consisting of four copies (TRAP4) were ex-
pressed in E. coli BL21 DE3 cells (Stratagene). Cell lysate in 50 mM
Tris-HCl (pH 8.5) was centrifuged at 34,000 rpm, 4ºC for 30 min and
the supernatant removed. In a typical purification procedure, the
supernatant was applied to a Q-sepharose column (Pharmacia)
equilibrated in 50 mM Tris HCl (pH 8.5) and eluted with an ascending
NaCl gradient. TRAP3 was found to pass straight through the col-
umn, but was purified from the majority of contaminating proteins,
which remained bound to the column. TRAP4 was found to elute
at approximately 200 mM NaCl. TRAP proteins were then applied
to a heparin sepharose column (Pharmacia) after being transferred
into 50 mM Tris HCl (pH 8.5) buffer containing 150 mM NaCl. Proteins
were eluted with an ascending NaCl gradient. Both TRAP3 and
TRAP4 typically eluted at approximately 200–300 mM NaCl. In cases
where further purification of the protein was necessary, and in at-
tempts to remove any bound tryptophan, protein was dialyzed into
buffer containing 50 mM Tris HCl (pH 8.5), and 1 M NaCl and applied
to a HiLoad Superdex 200 gel filtration column (Pharmacia). TRAP2
protein was expressed and purified in a similar way to TRAP3
and TRAP4. The identity of TRAP3 and TRAP4 was confirmed by
MALDI-TOF mass spectrometry using an Autoflex-YS spectrometer
(Bruker).
Structure
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Wild-type TRAP, TRAP2, and TRAP3 proteins in 50 mM MOPS (pH
7.8), 250 mM NaCl, 5 mM L-tryptophan were used at a final concen-
tration of 3.2 mg/ml. DSC was carried out using a VPDSC instrument
(Microcal) and a scanning speed of 60ºC per hour. Before each sam-
ple run, 10 control runs in the absence of protein were carried out.
DSC scans in the presence of protein were performed twice for
each protein used. Results were analyzed using the manufacturer’s
software based on the Origin graphing program.
Electron Microscopy
Transmission electron microscopy was carried out using a 200 keV
JEM-2200 (JEOL) or a 300 keV JEM-3100FEF (JEOL). TRAP proteins
typically at w1.6 mg/ml in 50 mM Tris-HCl (pH 8.5), 50 mM NaCl
buffer were added to a carbon-coated copper grid and stained
with 3% potassium tungsten acetate. Size measurements of TRAP
in the resulting images were carried out using ImageJ (NIH).
Crystallization
TRAP3 and TRAP4 were crystallized using the hanging drop
method. TRAP3 crystals were grown at 20ºC using a stock of ap-
proximately 11 mg/ml protein with 10 mM L-tryptophan mixed 1:1
with mother liquor: 30% v/v PEG 300, 90 mM CAPS (pH 9.5), 150
mM ammonium sulfate. Crystals grew as cube-shaped crystals
over a period of 3 weeks. TRAP4 crystals were grown at 20ºC using
a stock of approximately 10 mg/ml protein and mixed 1:1 with
mother liquor: 40% v/v PEG 200, 90 mM CAPS (pH 9.5), 200 mM am-
monium sulfate. Both proteins crystallized in space group P4212
with three TRAP monomer equivalents per asymmetric unit. Data
were collected at beamline BL5-A at the Photon Factory, Tsukuba,
Japan, and processed with HKL2000 (Otwinowski and Minor,
1997). No sigma cut-off was applied.
Refinement
General data handling was carried out with the CCP4 package
(CCP4, 1994), and the structures were solved by molecular replace-
ment using MOLREP (Vagin and Teplyakov, 2000). Manual adjust-
ment of the models was carried out with TURBO-FRODO (Roussel
and Cambillau, 1989) and Xtalview (McRee, 1999), and refinement
using REFMAC5 (Murshudov et al., 1999). Water molecules were
added to the models by manual inspection of the 2Fo 2 Fc and
Fo 2 Fc maps. A Ramachandran plot of the results for TRAP3 and
TRAP4 respectively showed 96.9% and 95.3 % of the residues to
be in the most favorable position with the remaining 3.1% and
4.7% of the residues in additional allowed regions. Data collection
and refinement statistics are shown in Table 2. Figures 3 and 4
were prepared with MOLSCRIPT (Kraulis, 1991), and Figure 5 was
prepared using BOBSCRIPT (Esnouf, 1997). Other structural figures
were prepared using PyMOL (DeLano, 2002).
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Coordinates for TRAP3 and TRAP4 have been deposited in the
Protein Data Bank with the accession codes 2EXS and 2EXT,
respectively.
